Abstract: Methamphetamine (MA) is a potent psychostimulant drug whose abuse has become a global epidemic in recent years. Firstly, this review article briefly discusses the epidemiology and clinical pharmacology of methamphetamine dependence. Secondly, the article reviews relevant animal literature modeling methamphetamine dependence and discusses possible mechanisms of methamphetamine-induced neurotoxicity. Thirdly, it provides a critical review of functional and structural neuroimaging studies in human MA abusers; including positron emission tomography (PET) and functional and structural magnetic resonance imaging (MRI). The effect of abstinence from methamphetamine, both short-and long-term within the context of these studies is also reviewed.
Abbreviations 5-HT: serotonin; 5-HTT: serotonin transporter; ACC: anterior cingulate cortex; DA: dopamine; DAT: dopamine transporter; DLPFC: dorsolateral prefrontal cortex; DTBZ: dihydrotetrabenazine; FDG: fluorodeoxyglucose; fMRI: functional magnetic resonance imaging; GM: grey matter; GMD: grey matter density; IPS: intraparietal sulcus; MA: methamphetamine; MAO: monoamine oxidase; trans -1,2,3,5,6,10-β-hexahydro-6-[4-(methylthio) phenyl]pyrrolo- [2,1-a] isoquinoline; MRI: magnetic resonance imaging; NA: noradrenaline; NAT: noradrenaline transporter; NO: nitric oxide; OFC: orbitofrontal cortex; PCC: posterior cingulate cortex; PET: positron emission tomography; PFC: prefrontal cortex; PHNO: propyl-hexahydro-naphtho-oxazin; PPC: posterior parietal cortex; ROI: region of interest; SMA: supplementary motor area; TH: tyrosine hydroxylase; VBM: voxel-based morphometry; VLPFC: ventrolateral prefrontal cortex; VMAT-2: vesicular monoamine transporter-2; WM: white matter
Epidemiology and Clinical Pharmacology of Methamphetamine Abuse
Abuse of the highly addictive synthetic psychostimulants, methamphetamine (MA) and its metabolite amphetamine, has become a global epidemic. During 2007, the estimated number of amphetamine and MA abusers reached 25 million globally, exceeding the total number of heroin and cocaine abusers [1] . The United Nations Office on Drugs and Crime estimated the number of people who abused MA to be 15-16 million during 2007, worldwide [1] . In 2008, between 13.7 and 52.9 million people aged 15-64 years were estimated globally to have used an amphetamine-type drug at least once in the past year and the number of MA seizures reached 19.3 metric tons worldwide [2] .
The physiological and psychological effects of MA significantly outlast those of other psychostimulant drugs of abuse such as cocaine owing to MA's considerably longer elimination half-life (8-13 h vs. 1-3 h for cocaine) and its high lipid solubility which allows for its rapid access to brain cells through the blood-brain barrier [3, 4] .
Apart from its effects on the cardiovascular system, intake of MA causes acute psychological and behavioural effects including positive feelings of euphoria, arousal and reduced fatigue and negative feelings of anxiety and paranoia [5] . The acute administration of MA can cause improvements in cognition including improved sustained attention, concentration and motor coordination. However, chronic MA abuse is associated with cognitive deficits in attention, executive function and working memory [6] [7] [8] . Overdose of MA can cause unpleasant psychological effects such as agitation, hallucination and psychosis [5] . Acute withdrawal from MA is often referred to as the "crash" as it is associated with depression-like symptoms including low mood, anxiety, irritability, fatigue and disturbed sleep as well as increased craving and cognitive impairment [9] . For a comprehensive review of the clinical pharmacological effects of MA, see Cruickshank and Dyer 2009 [5] .
The mechanism of action of MA involves multiple pathways resulting in increased release and extracellular concentration of the monoamines dopamine (DA), noradrenaline (NA) and serotonin (5-HT) [10] [11] [12] . Similarly to cocaine, MA and other amphetamines increase extracellular DA levels by preventing the reuptake of DA into presynaptic terminals through blocking the DA transporter (DAT) [13, 14] or decreasing its expression on the cell surface [15] . By virtue of similarity in chemical structure to monoaminergic neurotransmitters, MA can enter DA, NA and 5-HT axons either by passive diffusion or through DAT, NA transporter (NAT) or 5-HT transporter (5-HTT), respectively [10, 12, 16] . Once MA is inside the nerve terminal, it can interact with the vesicular monoamine transporter-2 (VMAT-2) to cause the release of vesicular DA, NA or less potently 5-HT into the cytoplasm [11, 17] then into the extracellular space by reverse transport through DAT, NAT or 5-HTT, respectively [11, 18, 19] . Other molecular processes resulting in increased extracellular monoamine levels following exposure to amphetamines include the inhibition of the monoamine oxidase (MAO) enzyme [20] and the increased activity and expression of tyrosine hydroxylase (TH), the enzyme which catalyses the formation of DA from tyrosine [11, 21] .
MA-induced increases in monoamine release have been reported to be greatest for NA followed by DA and lastly 5-HT [22] . MA-induced increases in noradrenergic transmission are thought to account for its cardiovascular effects such as elevated blood pressure, cardiac arrhythmias and muscle tremor [18, 23] . Whereas MA-induced increase in dopaminergic transmission is thought to underlie its addictive effects [24] .
Appreciation of the widespread use of MA and its long lasting and untoward effects on the health of users and their families have led to a number of animal and human studies examining the effects of this agent on the central nervous system. This article systematically reviews findings from neuroimaging studies in adult human MA abusers, including positron emission tomography (PET), functional and structural magnetic resonance imaging (MRI) studies but excludes proton magnetic resonance spectroscopy studies of neuronal metabolites. The effects of prenatal MA exposure on children are outside the scope of this review. Although this article is not intended to systematically review molecular and cellular mechanisms of MA-induced neurotoxicity, potential mechanisms emerging from animal literature are discussed in some detail in the second section of this review. For the purposes of this review, the terms "ventral striatum" and "nucleus accumbens" are interchangeable.
MA-Induced Neurotoxicity

MA-Induced Monoaminergic Neurotoxicity in Animal Models
The neurotoxic effects of MA on monoaminergic neurons were first discovered in 1976, whereby two studies reported decreased brain markers of pre-synaptic DA terminals in monkeys and rats [25, 26] . Kogan and colleagues reported an initial increase in striatal DA levels in the rat brain after repeated doses of MA followed by a decrease in DA levels, accompanied by decreases in striatal (40%) and nigral (45%) TH activity [25] . Concurrently, Seiden and colleagues found that long-term repeated intravenous administration of MA in increasing doses to rhesus monkeys caused a 70% reduction in caudate DA and smaller losses of NA in the midbrain (33%) and frontal cortex (52%) which lasted up to six months following the last MA injection [26] . Later studies from the same group demonstrated persistent decreases in caudate DA levels in monkeys, rats and guinea pigs, as well as a reduction in the number of DA uptake sites but no changes in NA levels in monkeys [27] [28] [29] [30] .
Since these initial studies, there have been numerous studies in various animal species investigating neurobiological mechanisms underlying MA-induced neurotoxicity [31] . The neurotoxic effects of MA have been demonstrated in various animal models including monkeys, guinea pigs, rats and mice and have been shown to primarily impact the dopaminergic and serotonergic systems with less prominent effects on the noradrenergic system. The effects of MA on the brains of non-human primates are thought to be the most comparable with those of humans, owing to the similarity in metabolic pathways of MA. The Rhesus monkey is a particularly useful model for studying the effects of MA, as it metabolises MA mainly via side-chain deamination, similarly to humans [32] . Guinea pigs utilise similar mechanisms of sidechain breakdown, whereas rats metabolise MA primarily by ring hydroxylation and mice utilise both pathways of sidechain breakdown and aromatic hydroxylation to an equal extent [32] . Despite the difference in MA metabolism to humans, the rat species remains the most widely used and convenient laboratory model species and studies on the effects of MA on the rat brain have resulted in valuable findings [25, 27, [33] [34] [35] [36] [37] .
The effects of MA on the dopaminergic system have been well studied in animal models. Using PET and post-mortem analyses, Melega and colleagues reported reductions in striatal DA levels and DAT binding sites in MA-treated vervet monkeys after one week [38] , three weeks [39, 40] and 10-12 weeks of MA treatment [40] . Rats and mice treated with acute high doses of MA have showed long-term reductions in striatal DA levels [25, 27, 33, 36, 37, 41] , TH activity [35, 42] and DAT binding [34, 42] . Moreover, MA-treated rats exhibited reductions in VMAT-2 binding [34] .
In addition to its neurotoxic effects on the dopaminergic system, MA has been shown to cause damage to presynaptic 5-HT terminals. Although the majority of mice strains have shown resistance to 5-HT neuron toxicity following MA administration [43] [44] [45] , MA-induced depletion of 5-HT levels has been reported in monkeys and rats in various brain regions including the striatum [29, 33, 36, 37, 46, 47] , frontal cortex [29, 30, 36, 46] , hippocampus [30, 37, 46, 47] and amygdala [36, 37] . Moreover, reduced tryptophan hydroxylase activity has been reported in MA-treated rats in the striatum, hippocampus [35, 47] , nucleus accumbens and cerebral cortex [47] . MA has also been shown to induce decreases in 5-HTT binding in the striatum, nucleus accumbens, anterior cingulate cortex (ACC), hippocampus and amygdala [34] .
Findings of neurotoxicity associated with the noradrenergic system in MA-treated animals have been scarce. Nonetheless, reduced concentrations of NA were observed in the frontal cortex and midbrain of rhesus monkeys [26] as well as in the striatum, cerebral cortex and hippocampus of rats following treatment with high doses of MA [48] . Subsequent studies in monkeys, rats and guinea pigs reported no changes to noradrenergic terminal markers following treatment with various dosing schedules of MA [27, 29] .
MA-induced monoaminergic depletion has been shown to be reversible in rats [46] and non-human primates [40] , whereby partial recovery of DA synthesis and DA concentrations was observed in the striatum of vervet monkeys 10-12 weeks following treatment with MA [40] . Nevertheless, decreases in DA and 5-HT levels in the brains of rhesus monkeys have been shown to persist for at least four years following administration of high doses of MA, suggesting a potentially permanent neurotoxic effect [49] .
MA-induced neurotoxicity in non-human primates has been thought to predominantly involve monoaminergic axonal and axon terminal abnormalities without neuronal cell death. However, neuronal cell death has been reported in rats treated with acute doses of MA resembling a binge dose pattern in the striatum [50] , medial prefrontal cortex (PFC) [51] and in somatosensory cortices [52] [53] [54] . Moreover, loss of pyramidal neurons in the cortex and hippocampus has been observed in rats treated with escalating doses prior to a high dose challenge of MA [55] . Neuronal cell death has also been found in the striatum, frontal and parietal cortices, hippocampus and olfactory bulb of MA-treated mice [42, [56] [57] [58] [59] [60] and was thought to occur via neuronal apoptosis [61, 62] .
Possible Mechanisms of MA-Induced Neurotoxicity in Animal Models
Although the exact mechanisms by which MA induces neurotoxic effects within monoaminergic systems are not fully established, several mechanisms have been suggested and discussed in animal and human literature. The involvement of DA in MA-induced neurotoxicity has been well established. As mentioned in the previous section of this article, MA can enter DA axons, due to structural similarity, either via passive diffusion or through DAT [16] and causes release of vesicular DA into the cytoplasm through interactions with VMAT-2 then out into the synaptic cleft via reverse transport [11] . Following MA-induced vesicular release, cytoplasmic DA is auto-oxidised to DA quinones, which undergo redox cycling to form superoxide radicals [63, 64] . Hydrogen peroxide is produced during metabolism of DA by the MAO enzyme in the cytosol [65] . Together, superoxide radicals and hydrogen peroxide interact with transition metals to form reactive toxic hydroxyl radicals [64, 66] . The resultant oxidative stress leads to the dysfunction and damage of presynaptic nerve terminal membranes [63, 67] . Released DA within synaptic clefts, facilitated by MA exposure, has also been shown to have neurotoxic effects through activation of post-synaptic DA receptors [68] . This is supported by findings that treatment with DA receptor antagonists following MA exposure partially blocked the degeneration of DA nerve terminals [68] . For example, the DA D1 receptor antagonist, SCH23390, has been shown to partially inhibit the cascade of neurotoxic events following interaction of DA with the D1 receptor, by attenuating the DA-induced activation of transcription factors which have been shown to cause the death of postsynaptic neurons through apoptosis [68] .
Monoaminergic transporters play an important role in MA neurotoxicity. As mentioned earlier, MA interacts with VMAT-2 and DAT to facilitate the release of DA into the cytoplasm of presynaptic DA terminals and synaptic clefts, respectively [11, 16] . The role of DAT in MA-induced presynaptic neuronal damage has been demonstrated in DAT knockout mice which were afforded protection against MA-induced DA depletion, reactive oxygen species production and reactive astrocytosis [41] . The involvement of VMAT-2 in MA neurotoxicity has been supported by the finding that depletion of vesicular DA caused by pre-treatment with reserpine, an irreversible inhibitor of vesicular transport, enhances the toxicity of MA [69] [70] [71] [72] . However, the exacerbated neurotoxicity reported by these studies may not be entirely attributable to the effects of MA, and may be more related to the DA depletion resulting from treatment with reserpine. The 5-HTT has also been shown to play a role in MA-induced toxicity towards 5-HT nerve terminals [34] . Various studies demonstrated attenuation of MA-induced decreases in 5-HT levels and tryptophan hydroxylase activity in the striatum following treatment with 5-HTT inhibitors such as fluoxetine, citalopram and chlorimipramine [35, 73, 74] .
There has also been strong evidence supporting gluatamate and nitric oxide (NO) involvement in MA-induced neurotoxicity towards DA neurons [75, 76] . MA has been shown to cause increases in glutamate release and activation of glutamate receptors followed by excitotoxic damage [75, 76] , which involves production of and interactions with NO [77] . NO interacts with superoxide radicals to form the neurotoxin preoxynitrite [78] , both of which have been shown to be involved in the neurotoxic effects of MA towards monoaminergic cells [79, 80] .
Although a large body of evidence supports the role of DA in MA-induced cellular toxicity, it has been suggested that MA-induced DA oxidation and subsequent neurotoxicity are not necessarily preceded by increases in extracellular DA and that additional mechanisms must exist [81, 82] . Under controlled temperature conditions, mice with genetically-induced DA deficiency and treated with MA still developed neurotoxicity, indicating DA-independent mechanisms must play a role in MA-induced neurotoxicity [82] .
MA exposure is reported to cause temperature dysregulation; particularly, an increase in core body temperature or hyperthermia [83, 84] . The hyperthermic actions of MA are thought to contribute to its neurotoxic effects, partially through potentiating MA-induced increase in free radicals and consequent oxidative stress [81, 84] . For example, there was an increase in the formation of the quinone metabolites of DA during hyperthermic conditions in rats after treatment with MA, however this was blocked when MA-induced hyperthermia was prevented using low ambient temperatures [81] . Hyperthermia may contribute to MA-related dysfunction of the blood-brain barrier by mechanisms involving free radicals [84] . MA has been shown to cause breakdown of the blood-brain barrier resulting in leakage of serum albumin into the brain tissue [84] . Additionally, MA was shown to cause myelin degeneration and reactive astrocytosis in parietal and occipital cortices [84] .
Microglia are immune cells that normally function in response to inflammation in order to protect the brain against damage and their role has been implicated in MA-induced neurodegeneration through inflammatory processes [85, 86] . Activated microglia may release a variety of potentially toxic prostaglandins, cytokines and free radicals which can cause neuronal injury [85] . Moreover, MA-induced microglial activation has been reported in brain areas where neuronal degeneration was also found [34, 87, 88] .
In summary, animal models of MA abuse and dependence have contributed to our understanding of the mechanisms of action of MA and its neurotoxic effects. MA causes disruption in monoaminergic transmission, particularly degeneration of DA and 5-HT terminals. Mechanisms by which MA may induce neurotoxicity include increases in oxidative stress, excitotoxicity, hyperthermia, blood-brain barrier dysfunction, reactive astrogliosis and microgliosis. Knowledge of these mechanisms can aid in the elucidation of the pathological functional and structural changes that occur in the brain of human MA abusers.
MA-Induced Neurotoxicity in Humans: Post-Mortem Studies
Post-mortem studies of the brains of chronic MA-abusing humans have shown reductions in presynaptic striatal DA nerve terminal markers, including DA, TH and DAT [89, 90] . There were no changes observed in the levels of vesicular monoamine transporter or DOPA decarboxylase, suggesting that long-term neuronal damage in the striatum is not permanent [90] . Despite MA-induced monoaminergic depletion in post-mortem studies, chronic MA abuse was not thought to be toxic to DA neurons in the adult human brain [90] . However, post-mortem investigations suffer from the inherent limitation of studying dead human tissue samples, therefore findings from these studies may not be truly representative of the living human brain. Nevertheless, molecular targets in the live human brain can be investigated using PET.
Dopaminergic Transmission and Glucose Metabolism Changes in MA Abusers Using PET Imaging
PET is a technique which measures the radioactivity released by specific radioligands, and can therefore be used to generate cross-sectional brain images with detailed anatomical information about changes in neurotransmitter responsiveness or receptor expression [91] . PET has been widely used in drug addiction research, both as an in vivo measurement of various components of monoaminergic neurotransmission; particularly that of DA [92, 93] , and to study brain glucose metabolism, which serves a marker of brain function in many neurodegenerative diseases and psychiatric conditions including drug addiction [93] [94] [95] . In this section of the article, we review PET studies in human MA abusers. Study specifications and main findings are summarised in Table 1 . 
PET Studies of Postsynaptic DA Receptors in MA Abusers
DA D2 receptor availability has been used as a biomarker for the investigation of postsynaptic DA neuron function in MA abusers. The most commonly used radioligand for this purpose has been [ 11 C]raclopride, a reversible D2 receptor radioligand [93] . [ 11 C]raclopride has been well validated for its accuracy and precision of D2 receptor measurement in the human ventral striatum, using the endogenous competition technique [114] . Volkow and colleagues have conducted a series of PET studies comparing abstinent MA abusers with a group of subjects with no history of drug abuse [94, 95, 98, 99, 102, 112] . They investigated postsynaptic D2 receptor availability using PET with [ 11 C]raclopride and found a lower level of postsynaptic striatal D2 receptor availability in the caudate (16%) and putamen (10%) of MA abusers relative to the comparison group [94] . The reduced D2 receptor availability was associated with reduced glucose metabolic rate in the orbitofrontal cortex (OFC), as measured by PET with [ [94] . This association has also been observed in cocaine abusers [115] and suggests that dysregulation of the OFC in drug addicted individuals may be mediated by D2 receptors, and could be one of the mechanisms underlying compulsive drug-taking behaviour [94] .
A more recent longitudinal study assessed the extent to which DA function in the striatum of MA abusers might predict recovery [112] . D2 receptor availability was measured using PET and [ 11 C]raclopride in MA abusers and healthy controls following the administration of a 60 mg oral dose of methylphenidate or placebo [112] . Methylphenidate is a DAT inhibitor [93] , and was used to enable a comparable measurement of DA release in MA abusers vs. controls [112] . Testing in MA abusers was conducted twice, the first time within six months of last MA use, and the second time nine months after; controls were tested at corresponding time points [112] . During early withdrawal, MA abusers had lower D2 receptor availability than controls in the caudate [112] . As expected, following the methylphenidate challenge there was a decrease in striatal (caudate, putamen, ventral striatum) D2 receptor availability in both MA abusers and controls [112] . However, the decrease was smaller in MA abusers than controls in the left putamen possibly reflecting both decreased DA release as well as a reduction in D2 receptor levels in the striatum of MA abusers, as has also been observed with cocaine abuse [116] . Interestingly, the MA abusers who had lower D2 receptor levels at baseline than controls in the dorsal striatum (caudate and putamen), also experienced no D2 receptor alterations following methylphenidate challenge and relapsed during the nine month follow-up period [112] . Correspondingly, MA abusers who experienced a DA increase post-methylphenidate, comparable with that of controls, did not relapse and completed a nine month abstinence period [112] . The authors concluded that abstinent MA abusers with low striatal DA function may be less sensitive to natural reinforcers, which may maintain their reward-directed drug seeking behaviour, making them more prone to relapse [112] .
PET imaging was used in an earlier study of MA-induced psychosis in long-term MA abusers who had been abstinent for at least 2 months [96] . The radioligand 11 C-N-methylspiperone was used to assess the role of D2 and 5-HT2 receptors in the susceptibility to MA-induced psychosis [96] . Although there were no group differences in binding availability, MA abusers were found to have a significantly decreased ratio of binding availability of D2 receptors in the striatum relative to 5-HT2 receptors in the frontal cortex [96] . Since DA release can be regulated by 5-HT2 receptors in the frontal cortex [117] , it was suggested that the relative increase in 5-HT2 receptor density and decrease in D2 receptor density might be the result of a long-term dysfunction of DA release by DA neurons in chronic MA abusers [96] .
Dopaminergic dysfunction associated with MA use and drug addiction has mainly been reported as a reduction in the levels of DA and D2 receptor densities [90, 94, 110, 112] . These findings support the hypothesis that MA addiction should be treated with agents that increase DA signaling, albeit none have been successful enough to be approved for this use [118] . More recently, addiction research using PET has turned its attention to the D2-like D3 receptor subtype, which is highly expressed in limbic areas associated with reward and motivation such as the nucleus accumbens [119, 120] . In a PET study using [
18 F]fallypride, a radioligand with affinity for D2-like D3 receptors, MA abusers were shown to have lower D2-like D3 receptor availability than healthy controls in the caudate (16.1%), putamen (12.6%) and nucleus accumbens (8.4%) [110] . In the MA abusers, lower availability of D2/D3 receptors in the caudate and nucleus accumbens was associated with higher impulsivity as measured by the Barratt Impulsiveness Scale [110] . Both animal and postmortem human studies suggest D3 receptor levels are pathologically increased in cocaine addiction [121] [122] [123] [124] . If the same applies to MA addiction, then treatment with a dopaminergic agent may be inappropriate as it may remedy a D2 receptor deficit but increase an already high level of D3 receptors [113] .
Boileau and colleagues tested the hypothesis that D3 receptor availability is elevated in MA abusers using PET with [ [113] and found that D3 receptor availability was 46% higher in the substantia nigra. The MA group also exhibited lower [ 11 C]-(+)-PHNO binding in the D2-rich dorsal striatum [113] . The authors concluded that D3 receptors are upregulated in the brain of MA abusers and speculated whether selective antagonism of D3 receptors would lead to a reduction in drug taking behaviour [113] . This study was the first in vivo neuroimaging study of D3 receptor density in drug addiction, though there were some caveats. For example, the sample of MA abusers were polydrug users and also used cocaine, MDMA, benzodiazepines, opiates, THC and ketamine (80%, 53.3%, 33%, 46%, 56.2% and 25% of the MA group, respectively) [113] . Despite MA being their primary drug of choice (taken by all users), the results may not be specific to MA, as other recreational drugs also affect DA receptor density and may confound the results [113] . Further, while [ 11 C]-(+)-PHNO is a useful radioligand for the study of D3 receptors owing to its higher differential binding at this receptor subtype [125] it, in common with all dopaminergic radioligands, lacks absolute specificity for a particular receptor subtype rendering inference from binding results where regions contain both D2 and D3 receptor subtypes challenging [113] .
PET Studies of Brain Glucose Metabolism in MA Abusers
Brain glucose metabolism has been widely studied in drug addiction as an indicator of brain function [93] [94] [95] . Volkow and colleagues' group of MA abusers underwent detailed glucose metabolic studies with PET following the administration of [ 18 F]FDG and were found to have 14% greater global (whole brain) glucose metabolism than their matched controls [95] . This was unexpected since other drugs of abuse such as alcohol and cocaine reportedly caused hypometabolism [93] . Because MA abusers were previously reported in a proton magnetic resonance spectroscopy study to have increased levels of myo-inositol, a glial marker [126] , the authors speculated that the global hypermetabolism observed in MA abusers could reflect gliosis or inflammatory processes [95] . Regional brain glucose metabolism was increased in MA abusers relative to controls in all brain cortices, however only the metabolic increase in the parietal cortex (20%) was significant [95] . Following normalisation for global activity, relative glucose metabolism was higher in the parietal cortex (5%) but lower in the striatum (caudate, 12% and putamen, 6%) and thalamus (17%) of MA abusers [95] . All effects persisted at ≥11 months abstinence, although this was inferred from a separate analysis of a very small sample of 3/15 MA abusers who remained abstinent for ≥11 months. The metabolic decrease in the striatum, which receives direct input from DA cells, and the thalamus, which mainly receives dopaminergic input from the striatum [127] was thought to reflect MA-induced neurotoxicity in DA cells [29, 128, 129] and disruption of DA-linked pathways [95] . Since the parietal cortex is poorly innervated by DA terminals, it was concluded that MA caused metabolic abnormalities in regions innervated by DA cells (directly in the striatum, indirectly in the thalamus) and those innervated by other neurons (parietal cortex) [95] .
Of the original subjects reported by Volkow and colleagues [95] , five MA abusers remained abstinent for nine months or longer following their first PET scan and underwent a second PET scan at this time point [102] . Striatal metabolism did not recover, suggesting long-lasting changes in dopaminergic neurons [102, 130] , or decreased cortical input to the striatum resulting from MA-induced excitotoxicity in cortical cells [131] . Interestingly, relative regional metabolism in the thalamus increased following protracted (12-17 months) abstinence relative to early (3 ± 1.6 months) abstinence [102] . The increased thalamic metabolism was functionally significant as it was associated with improved performance in motor and verbal memory tasks [102] . The thalamus receives indirect dopaminergic input from the striatum via gamma-aminobutyric acid (GABA) cells. Hence, the recovery of thalamic metabolic function after protracted abstinence from MA may reflect a neuroadaptive response by GABA cells to compensate for dopaminergic deficits [102] . However, a larger sample size of long-term abstinent MA abusers and controls may have been required to improve the generalizability of these findings.
Another study reported reduced regional glucose metabolism in the right superior frontal white matter of MA abusers who had been abstinent for an average of 1.5 years [105] . The frontal hypometabolism was associated with a larger number of total errors, perseveration errors and nonperseveration errors during the Wisconsin card sorting test (WCST) [105] . Poor performance during the WCST indicates deficits in decision-making and frontal executive function, hence this result was in accord with prior studies reporting failure of MA abusers to activate their PFC during decision-making [7, 132] . In a sub-analysis of gender differences, the same findings of frontal hypometabolism and impaired frontal executive function were found in male MA, but not female MA abusers [105] , possibly due to estrogen's neuroprotective effects [133] .
London and colleagues studied regional cerebral glucose metabolism in relation to mood disturbances in a group of recently abstinent (4-7 days) MA abusers [103] . They reported metabolic abnormalities in limbic and paralimbic cortices, including decreased relative regional glucose metabolism in MA abusers in the ACC and insula [103] . There was an opposing hypermetabolism in the lateral OFC, middle and posterior cingulate, amygdala, ventral striatum and cerebellar vermis [103] which might reflect the short abstinence period since these regions have been previously implicated in drug craving [134] [135] [136] [137] [138] [139] . Robust hyperactivity was found in the ventral striatum and hypoactivity in the ACC of MA abusers [103] , both regions being heavily innervated with DA [140] . Thus, glucose hypometabolism in the ACC may reflect dopaminergic deficits in this region [103] .
Reduced glucose metabolism in the ACC was studied in relation to affect [103] and sustained attention [104] in the same subjects. MA abusers made more errors than comparison subjects during a vigilance test of sustained attention [104] . Higher error rates of MA abusers were associated with lower glucose metabolism in the ACC and insula, suggesting these regions are involved in deficits of sustained attention [104] . There was a positive correlation between severity of depressive symptoms, as measured by the Beck Depression Inventory (BDI) and relative glucose metabolism in the ACC and amygdala which have been linked with negative affect [103] .
Berman and colleagues [108] compared glucose metabolism in the brain of MA abusers between very early (less than 1 week) [103, 104] and short-term (average of 3 months) [95] abstinence periods. PET with [ 18 F]FDG was used 5-9 days after abstinence and then following an additional four weeks in MA abusers; a group of healthy controls were tested at corresponding times [108] . After four weeks of abstinence, MA abusers showed a 10.9% greater global metabolic rate and higher regional glucose metabolism in cortical regions with no change in subcortical regions [108] . Specifically, there was a 20% increase in the metabolic rate in the parietal cortex of MA abusers which correlated with improved reaction times on an auditory vigilance task, suggesting improved vigilance and sustained attention after the first week of abstinence [108] .
In summary, glucose metabolism has been studied in the brain of MA abusers during very early abstinence (4-7 days), and was found to be lower in the ACC and insula and higher in the ventral striatum [103, 104] . During short-term abstinence (mean 3 ± 1.6 months), relative glucose metabolism was higher in the parietal cortex and lower in the striatum and thalamus [95] . During their first year of abstinence MA abusers continued to have metabolic deficits in the striatum, however their thalamic metabolism normalised [102] . During the first month of abstinence, a critical period when relapse often occurs, there were no metabolic changes in subcortical regions but a widespread increase in cortical glucose metabolism with a maximal increase in the parietal cortex [108] . However, this cortical hypermetabolism caused an increase in whole brain metabolism, and would lead to an increase in any relative regional measure scaled to the global mean [108] . Therefore, relative metabolic measures in the absence of absolute measures must be interpreted with caution [108] .
Although some studies report glucose metabolic differences in MA abusers in similar anatomical locations, others report non-coincidental locations. Discrepancies in the anatomical locations of metabolic disturbances in the brain of MA abusers may be due to variable differences in MA use i.e., duration of use, route of administration (intravenous vs. smoked), cumulative dose, duration of abstinence and exposure to other drugs. In saying that, it is possible that brain areas reported to have glucose metabolic deficits in different studies may have functional connections to each other, for example, Volkow and colleagues reported an association between striatal D2 receptor availability and glucose metabolism in the OFC of MA abusers [94] .
PET Studies of Presynaptic Monoamine Nerve Terminals in MA Abusers
Presynaptic DA cell terminals have been studied in MA abusers by several research groups. Volkow and colleagues investigated DA terminal density in the abstinent MA abusers, using PET with [ 11 C]d-threo-methylphenidate, a DAT ligand [98] . The group of MA abusers had significantly lower DAT levels in the striatum with a mean difference of 27.8% in the caudate and 21.1% in the putamen [98] . Similar findings were reported in an earlier PET study using [ 11 C]WIN-35,428, a DAT ligand, including reductions in DAT levels of 23% and 25% respectively in the caudate and putamen of MA abusers who had been abstinent for 3 years on average, relative to controls [97] . A more recent PET study reported a 15% decrease in striatal DAT levels in long-term abstinent MA abusers [106] . The decrease in DAT levels in the striatum of MA abusers has been associated with functional impairments including motor slowing and memory deficits [98] . Apart from the striatum, abstinent MA abusers have also been found to have significantly lower DAT levels in the nucleus accumbens, anterior PFC, OFC, dorsolateral PFC (DLPFC) and amygdala [100, 101] . Reductions in DAT in the caudate/putamen, nucleus accumbens, OFC and DLPFC were associated with duration of MA use and severity of psychiatric symptoms [100, 101] .
It was suggested that reduction in DAT levels may be long lasting as it persisted in those who were abstinent for longer than 11 months in one study [98] , and three years in another [97] . However, a longitudinal PET study by Volkow and colleagues using [ 11 C]d-threo-methylphenidate in five MA abusers during short-term (<6 months) and long-term (12-17 months) abstinence, reported increases in DAT levels of 19% and 16% in the caudate and putamen, respectively [99] . The extent of DAT recovery was associated with severity of abuse and the duration of abstinence [99] . Interestingly, performance on neuropsychological tests of motor and memory function did not improve from short-to long-term abstinence, suggesting incomplete functional recovery [99] . Although it is difficult to draw robust conclusions from findings of Volkow and colleagues' longitudinal study [99] due to the small sample size, several ideas have been discussed. It is possible that DAT loss may reflect a neuroadapative process, whereby DAT expression is down-regulated to compensate for DA depletion in the addicted brain [97] [98] [99] , as has been shown following amphetamine abuse [15] . However, it is also possible that reduced DAT levels reflects a neurotoxic effect whereby MA causes DA nerve terminal degeneration [97] , which may [99] or may not [97, 98] recover following prolonged abstinence. Alternatively, following MA-induced damage to DA terminals, the remaining viable terminals may increase their synaptic arborisation which could account for the observed increase in DAT with protracted abstinence [99] . Longitudinal studies with larger sample sizes are warranted to gain further understanding into the association between DAT levels and abstinence status and duration in MA abusers.
Another biomarker of DA neuron terminal integrity is VMAT-2 which is responsible for the redistribution of monoamines such as DA from synaptic vesicles to the cytosol [4] . The first study of VMAT-2 densities was a post-mortem study of human MA abusers which reported no change in VMAT-2 levels despite significant reductions of DA and DAT levels, and thus suggested MA may not be toxic to DA neurons [90] . This study, however, suffered from a small sample size and from the uncertainty of whether post-mortem findings would generalise to the living human brain. VMAT-2 densities were then studied in abstinent MA abusers using PET with dihydrotetrabenazine ([ and found to be only 10% lower than comparison subjects [106] . The lack of substantial changes in VMAT-2 levels in this study may be attributed to the wide range of abstinence duration amongst the sample of MA abusers (range 3 months-10 years, mean 3 years). Despite the lack of correlation between VMAT-2 levels and duration of abstinence [106] , the wide duration of abstinence range may have resulted in a wash-out of significant effects. Alternatively, neuronal recovery may have occurred following prolonged abstinence in some of the subjects [99, 100] . Nonetheless, the modest but significant reduction in VMAT-2 availability in MA abusers reported by this study, along with its lack of correlation with duration of abstinence may reflect permanent structural changes [106] . However, the results of this study may have been confounded by the use of drugs other than MA such as alcohol, cocaine, opiates and marijuana [106] .
In a recent study by Boileau and colleagues investigating VMAT-2 levels in MA abusers during early abstinence using PET and (+)[ 11 C]DTBZ [109] , striatal binding was increased by 22% in the caudate, 12% in the putamen and 11% in the ventral striatum during early abstinence [109] . In the caudate, higher (+)[ 11 C]DTBZ binding levels were associated with shorter abstinence [108] . The increase in (+)[ 11 C]DTBZ binding in recently abstinent MA abusers suggests reduced competition with DA at the VMAT-2 receptors and further verifies the low levels of stored striatal DA in MA abusers [89, 90] . However, this finding was not supported by a more recent study by Boileau and colleagues' in non-drug users administered a low acute oral dose (0.4mg/kg) of amphetamine [111] . Non-drug users are likely to have normal levels of striatal DA, and a low dose (mean ± SD 32.2 ± 5.1 mg) of amphetamine is unlikely to induce sufficient DA depletion to result in increased (+)[ [107] . 5-HT transporter density levels were significantly lower in the cerebral cortex (ACC, OFC, DLPFC, temporal regions), midbrain, thalamus, caudate, putamen and cerebellum of abstinent MA abusers [107] . The lower 5-HT transporter levels in the OFC, ACC and temporal regions were associated with higher levels of aggression amongst MA abusers, as measured by the Aggression Questionnaire [107] .
In summary, addiction research utilising PET has made significant contributions to the field and has several advantages. Selective labeling of PET radioligands can be controlled to yield highly selective receptor specificities [93] . The sensitivity of PET is to sub-nanomolar concentrations, in comparison with the sensitivity of MRI which is in the millimolar range [93] . However, in comparison with MRI, PET imaging suffers from poor temporal (45 s vs. 1-3 s) and spatial (4 mm vs. 1 mm) resolution [93] . All PET studies discussed in this review, with the exception of two by London and colleagues [103, 104] , utilised abstinent MA abusers. This highlights a lack of PET studies comparing dopaminergic function and glucose metabolism in active versus abstinent MA abusers. There is also an ongoing need for longitudinal studies of MA addiction, to settle the continuing debate about whether drug seeking and dependence cause functional deficits or that reported deficits could have predated and predisposed individuals to drug use. The longitudinal studies [99, 102] discussed herein also have very small sample sizes (e.g., n = 5) which limits the applicability of their findings. Additionally, the lack of a comparison group by some studies [99, 102, 112] , at the second time point corresponding with protracted abstinence fails to allow for time-related changes to be properly accounted for.
Functional and Cognitive Deficits in MA Abusers Using Functional MRI (fMRI)
Functional MRI (fMRI) is a relatively new technique which emerged 20 years ago [141] , and has been increasingly utilized since then with the number of published articles rising to a peak during the year 2010 [142] . fMRI utilises the magnetic properties of deoxygenated and oxygenated blood to form a blood-oxygen-level-dependent (BOLD) signal [143] . Blood deoxygenated haemoglobin (deoxyhaemoglobin) is paramagnetic and can induce a change in the magnetic field, producing contrast in images obtained from MRI [143] . fMRI has been frequently used to study brain activity in awake humans during rest or whilst performing cognitive, emotional or motor tasks [144] .
Sensory or cognitive challenge-related neuronal firing initially causes an increase in oxygen demand/usage in the brain [145] . However, this is shortly (within a few seconds) followed by a larger increase in blood flow and blood volume. This results in greater oxygen demand coupled with a net reduction in paramagnetic deoxyhaemoglobin levels leading to a change in magnetic field, detected as MRI contrast or the BOLD signal [146, 147] . The haemodynamic response measured by fMRI takes 4-5 s to peak and a total of 15-20 s to rise and fall, thus it is a relatively slow signal [147] . Although special measures can be undertaken during fMRI data analysis to account for it, the relatively poor temporal resolution remains an inherent limiting factor to all fMRI studies. Because the BOLD signal is not an absolute measure, the lack of an 'implicit baseline' is a consideration that must be addressed during experimental design [144] .
The fMRI technique has several advantages over other scanning techniques including its excellent spatial resolution. For instance, in comparison with electroencephalography (EEG) which can detect electrical activity only at the surface of the brain, fMRI can detect magnetic signal from deeper structures including subcortical nuclei [142] . Moreover, a much higher spatial resolution can be obtained using fMRI (1-3 mm) than can be obtained with PET (4 mm) [93] . Therefore, fMRI enables examination of human brains, healthy or affected by disease, during performance of cognitive tasks and is an ideal technique for studying long-term changes owing to its non-invasive and safe nature [144] .
There have been several fMRI studies in drug dependence but relatively few in MA abusers. This section of the article reviews fMRI studies in MA dependence in relation to decision-making, reward processing and cognitive control. A summary of study specifications and findings is presented in Table 2 . Studies of emotion regulation are beyond the scope of this review. In this section of the review, the term "activation(s)" refers to clusters of statistically significant within-or between-subject BOLD signal differences as measured by fMRI. Step-wise discriminant function analysis results: R insula, R PCC, R MTG best predicted relapsing (17/18) and non-relapsing (20/22) MA
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fMRI Studies of Decision-Making and Reward Processing in MA Abusers
fMRI Studies of Decision-Making in MA Abusers
The earliest fMRI studies in MA dependence investigated decision-making amongst MA abusers [7, 148, 149] . Using a decision-making task during an fMRI session, Paulus and colleagues demonstrated deficits in decision-making and corresponding decreases in cortical activation in recently abstinent MA-dependent males [7] . The task consisted of two conditions, namely the two-choice prediction task and the two-choice response task, during which subjects made a choice between two possible outcomes, and 50% of choices were reinforced as if they were 'correct' predictions [7] . MA abusers were more significantly influenced than their comparison subjects by the immediately preceding outcome in their following choice; specifically, they were more likely to implement a "win-stay/lose-shift" strategy [7] . This dysfunction in decision-making processes was associated with shorter abstinence periods amongst MA abusers [7] . During the two-choice prediction task relative to the two-choice response task, both MA and control groups exhibited activations in the prefrontal and parietal cortices [7] . However, the magnitude of activation in the left middle frontal gyrus (Brodmann area (BA) 9), a part of the DLPFC, was greater in controls than MA abusers [7] . Additionally, controls showed ventromedial cortex activations including the right orbitofrontal gyrus (BA 10,11). In contrast, there was a lack of OFC activation amongst the MA abusers, which was associated with longer duration of MA use [7] . To sum up, during the process of decision-making recently abstinent MA abusers were less capable than controls of inhibiting the strategy of prediction based on preceding outcomes [7] . That is, MA abusers were more influenced by success relative to controls; a deficit which was related to dysfunctions of the DLPFC and OFC [7] .
In a follow-up study [148] , Paulus and colleagues assessed whether the extent of predictability differentially influenced decision-making of MA-dependent males, by varying the success rate on the two-choice prediction task described in their previous study [7] . MA abusers were again more likely to use the "win-stay/lose-shift" strategy in comparison with controls [148] . Significant group effects were found in fMRI activation; MA abusers exhibited less task-related activation in bilateral inferior PFC (medial frontal gyrus, BA10), DLPFC (middle and medial frontal gyri, BA 8,9), bilateral parietal cortex (BA 7/19), left post-central gyrus (BA 5) and left superior temporal gyrus (BA 6,9) [148] . The error-rate effect was significant in both MA and controls in the right insula (BA 13), right inferior frontal (BA 44,45), right middle frontal (BA 9) and left middle frontal gyri (BA 6,9). Lower error rates corresponded with higher task-related activation in both groups in all areas with the exception of the left middle frontal gyrus, and activation was lowest during the most unpredictable stimuli (50% error rate) [148] . However, a contrast of group by error-rate effect revealed that the increase in task-related activation at lower error rates was mostly carried by the control group and that MA abusers in fact had attenuated activation at lower error rates [148] . The group by error-rate contrast revealed higher activation in controls during low error rates in brain regions crucial for decision-making processes, namely the left medial frontal gyrus (BA 10), insula (BA 13), precuneus (BA 7) and inferior parietal lobule (BA 40) [148] . Conversely, MA abusers showed increased activation of these areas during the most unpredictable condition and were less engaged in processing success or failure relative to controls [148] . Subjects who had a longer duration of MA use showed decreased task-related activation in the left middle frontal gyrus (BA 9), ACC (BA 32) and left precuneus (BA 7) [148] . Moreover, longer abstinence periods were associated with higher activation in the left medial frontal gyrus (BA 8) [148] . The authors concluded that the increased neural activation in response to stimulus uncertainty in MA abusers reflected a "stimulus-driven" rather than an "outcome-driven" strategy during decision-making [148] .
In a later study, Paulus and colleagues used the two-choice prediction task and the two-choice response task to investigate whether task-related activation on fMRI predicted relapse in a large group of MA-dependent males [149] . A group of 46 MA-dependent males were scanned at baseline and then followed up a year later to determine their abstinence status using a semi-structured questionnaire. Six subjects were lost to follow-up, 18 subjects relapsed and 22 subjects remained abstinent [149] . Similar to previously-reported results [7, 155] , the two-choice prediction task resulted in increased activation in the bilateral PFC, striatum, posterior parietal cortex (PPC) and anterior insula, relative to the two-choice response task [149] . MA abusers who relapsed exhibited lower task-related activation in the PFC, insula and parietal cortex in comparison with non-relapsing MA abusers [149] . A step-wise discriminant function analysis, with relapse status as the dependent measure and activation areas that differed between relapsing and non-relapsing MA as the independent measures, was used to evaluate which areas best predicted relapse. The analysis revealed that activation in the right insula, right posterior cingulate cortex (PCC) and right middle temporal gyrus best predicted relapsing (17 out of 18) and non-relapsing (20 out of 22) MA abusers [149] . Finally, a step-wise Cox regression analysis, with time to relapse as the dependent measure and activation areas that differed between relapsing and non-relapsing MA abusers as the independent measures, showed that the right middle frontal and temporal gyri and right PCC were the areas which best predicted time to relapse [149] . This study demonstrated that fMRI can be used for prediction of relapse in MA dependence; specifically, changes in fMRI activation during decision-making tasks may be a good predictor of relapse [149] . However, the use of a block-design in this study made it difficult to isolate a precise component of decision-making. The authors advised future studies to employ event-related paradigms to pinpoint aspects of decision-making most related to the prediction of relapse [149] .
fMRI Studies of Reward Processing in MA Abusers
Decision-making has been studied in relation to reward in MA dependence using the delay discounting task paired with fMRI [150, 151] . When a choice between immediate and delayed rewards is presented, delayed rewards are not considered to be as valuable as immediate rewards of similar value [156, 157] . The devaluation of future rewards is referred to as "delay discounting". Generally, greater discounting has been associated with impulsive behaviours such as impulsive gambling or drug-taking with limited consideration of future rewards such as good health [158] [159] [160] . During a delay discounting task, the individual is required to make a series of choices between rewards immediately available and those of greater magnitude provided after some time delay [150] . Each individual's discount rate is calculated using mathematical modeling of the rate at which they reduced the value of delayed rewards [156] . Monterosso and colleagues used this method and administered a delay discounting task to currently using MA-dependent and comparison subjects outside of the MRI scanner to generate a delay discounting probe task paired with fMRI [150] . Based on the subjects' own discounting functions computed from the pre-scanning task, the fMRI task consisted of three conditions: "hard choice" requiring selection between immediate and delayed choices of similar reward magnitude, "easy choice" requiring selection between choices which dramatically differed in reward magnitude and a baseline "no choice" condition [150] . MA abusers exhibited more delay discounting than controls during the task conducted prior to scanning [150] . Across both groups, the "hard choice > no choice" contrast yielded activations in the ventrolateral PFC (VLPFC; BA 10,11,47), DLPFC (BA 9,46), dorsal ACC and areas surrounding the intraparietal sulcus (IPS; BA 40,7) [150] . Moreover, the "hard choice > easy choice" contrast resulted in activations in the right VLPFC and in a cluster which extended between the ACC and the supplementary motor area (SMA) [150] . Between-group comparisons revealed that controls had higher activations than MA abusers during the "hard choice > easy choice" contrast in the left DLPFC and right IPS [150] . Whereas neural recruitment was high during "hard choice" trials and minimal during the "easy choice" trials in controls, MA abusers experienced approximately equal levels of neural activation during both conditions, suggesting an inefficiency in frontoparietal circuitry [150] . A correlational analysis was conducted to assess the relationship between the degree of delay discounting and task-related activation. There were no significant correlations between the higher degree of delay discounting and inefficient frontoparietal processing during decision-making in currently abusing MA-dependent subjects [150] . The lack of difference in neural recruitment in MA abusers during "easy choice" vs. "hard choice" conditions may reflect procedural stimulus-directed rather than declarative outcome-directed behaviour [156] , as has been previously suggested by Paulus and colleagues [148] . Findings from this study are limited by a small sample size and the inability to investigate fMRI response in the potentially task-relevant OFC, a region which is typically impacted by signal loss due to being located in proximity to air-filled sinuses which act as a susceptibility artifact [150] .
Another study compared delay discounting and related cortical activation in fMRI between a group of abstinent MA abusers and comparison subjects [151] . Again, MA abusers exhibited greater delay discounting and chose more immediate rewards in comparison with controls [151] . "Easy choice" trials were eliminated from the fMRI analysis due to having much smaller contrast against control trials when compared to "hard choice vs. control" [151] . Across both groups, the "hard choice > control" contrast yielded higher activation in the bilateral dorsal ACC, medial superior frontal gyrus, PCC, V/DLPFC, right insula and PPC including the IPS [151] . When groups were compared, controls exhibited higher activation than MA abusers during the "hard choice > control" contrast in the bilateral precuneus, right caudate, right ACC and right DLPFC [151] . When subjects selected the delayed reward during "hard choice" trials, higher magnitudes of discounting were associated with increased activation in the right amygdala, superior frontal gyrus, PCC and PPC [151] . MA abusers had longer reaction times even during control trials and exhibited a smaller difference between delay discounting trials and control trials due to activating to a greater extent than controls during control trials. A similar finding has been previously reported by Monterosso and colleagues [150] , and reflects an increased difficulty in decision-making processes by MA abusers relative to controls [151] . Increased activation of the amygdala, a component of the ventral affective system, was thought to occur in response to the selection of a delayed reward which is considered "an aversive choice" or a "loss" by heavy discounters such as MA abusers, who generally prefer immediate rewards [151] . The authors also inferred that in order to select the less common delayed rewards, steep discounters, mainly consisting of MA abusers in this sample, needed to activate frontoparietal circuits to exert control over amygdala activation [151] .
The literature comparing activated neural circuits during decision-making in MA abusers and controls generally suggests reduced neural recruitment within the PFC, particularly in the DLPFC, of MA abusers [7, 148, 150, 151, 161] .
fMRI Studies of Cognitive Control in MA Abusers
Inhibitory control is thought to be impaired in drug abusers, with a corresponding reduction in ACC activity [162] . Functional neuroimaging has been used to study inhibitory control in MA abusers using the go/nogo response inhibition task [152] . Leland and colleagues studied both inhibition-and predictive cue-related activation in two regions of interest (ROI) in the ACC; ventral and dorsal, in a group of MA abusers and their comparison subjects [152] . After being presented with an implicit predictive cue, MA abusers made less errors i.e., had a lower false alarm rate, whereas controls' false alarm rate was not different after predictive cueing [152] . An inhibition (nogo-go) contrast was constructed and yielded no between-group differences in activation, however in separate analyses; both groups exhibited increased activation in non-overlapping areas in the ventral ACC [152] . Of greater interest to the authors was the effect of predictive cueing on activation in the ACC, hence a cueing (cue-noncue) contrast was computed [152] . A between-group analysis of the cueing contrast resulted in increased activation in clusters in both the ventral and dorsal ACC. However, separate group analyses revealed no cueing-related change in activation in controls; the effect was carried by the higher cueing-related activation in MA abusers within both the ventral and dorsal ACC [152] . A regression analysis of cueing-related activation in the ventral and dorsal ACC of MA abusers and a difference score of cued vs. uncued false alarm rates revealed that higher cueing-related activation in the ventral ACC of MA abusers was associated with the largest cue-related decrease in false alarm rate [152] . Despite the limited behavioural differences in task performance between MA abusers and controls, MA abusers exhibited higher inhibition-related activation of the dorsal and ventral ACC [152] . Moreover, MA abusers showed a larger benefit from predictive cueing on false alarm rate which was associated with increased ACC activity, thus conveying attenuated inhibitory difficulties in the presence of advance warning in the form of an implicit predictive cue [152] .
The Stroop task has been used in conjunction with fMRI to study cognitive control in MA abusers [153, 154] . Salo and colleagues used an fMRI-coupled modified Stroop colour-word task to study differences in selective attention performance and related brain activations in a group of abstinent MA abusers and their comparison subjects [153] . In previous studies, this version of the Stroop task has produced activation of the PFC and ACC [163, 164] , hence this study limited its inference to ROIs which corresponded to these regions [153] . The paradigm consisted of congruent (nonconflict) trials, where the word and font colour matched and incongruent (conflict) trials, where the word and font colour did not match [153] . The first effect of interest was the conflict effect, which was measured by the contrast "incongruent-congruent" [153] . The second effect of interest was the trial-to-trial adjustment effect, measured by comparing sequences of incongruent trials preceded by incongruent trials with those of incongruent trials preceded by congruent trials, i.e., "incongruent/incongruent-congruent/incongruent" [153] . There were significant activations in the ACC during the conflict effect contrast in all subjects with no significant differences between groups, corresponding with the higher conflict resolution demands during incongruent trials [153] . Behavioural results showed no between-group difference in Stroop conflict effect or accuracy rates [153] . However, there was a reduction in the reaction time adjustment effect with a corresponding decrease in activation of the right PFC, particularly in BA 6, in MA abusers relative to controls [153] . Controls were able to utilise previous exposure to a conflict event to improve their conflict processing resulting in faster reaction times on subsequent trials coupled with increased activation in the right PFC [153] . In contrast, MA abusers did not exhibit this advantage and displayed a trend for slower reaction times to incongruent trials preceded by incongruent trials, simultaneously exhibiting little or no activation in the PFC [153] . Controls activated the PFC during conflict processing, thereby engaging top-down control [163] , whilst MA abusers exhibited deficits in trial-to-trial adjustments which reflected suboptimal behavioural modification with corresponding deficits in the PFC [153] . Deficits in the frontal cortex related to behavioural modification in MA abusers were thought to be related to their inability to maintain goal-directed behaviour, reflecting poor cognitive control which potentially contributes to drug-seeking behaviour and relapse [153] . MA-dependent participants recruited in this study had been abstinent for anywhere between two and twelve months (mean ± SD, 4.1 ± 2.8 months) [153] . However, the first weeks of abstinence are thought to be important for initial engagement and subsequent retention in treatment programs [154] . Hence, the relationship between cognitive control deficits and relapse may be better assessed during early abstinence from the drug of abuse [154] .
Nestor and colleagues studied cognitive control in MA abusers in their first week of abstinence (4-7 days) using a blocked Stroop colour-word interference task [154] . The task consisted of two conditions, congruent and incongruent colour words [154] . First, a whole brain analysis was carried out, which did not take individual reaction times into account [154] . However, due to differences in behavioural performance between groups, a second analysis was carried out controlling for reaction time by including mean reaction time during each condition as a covariate of no interest [154] . In doing so, this analysis took into consideration the potential confounding effect of differing performance levels [154] , or time-on-task, an effect which has been previously reported in fMRI studies of cognitive control [165] . For each analysis, three contrasts of interest were constructed for both conditions and the Stroop effect (incongruent-congruent) [154] . The first analysis, not taking into account the effect of reaction times, yielded significant group differences in activations only on the Stroop effect contrast [154] . In comparison with controls, MA abusers exhibited reduced activation in the left cerebellum and greater activation in several brain regions including the PCC, bilateral ACC and left medial frontal cortex [154] . Higher activity in the PCC of MA abusers during the Stroop effect may correspond to error processing. The PCC has been shown to be active during sensory arousal in cocaine abusers [136] , following response errors in healthy volunteers [166] and, as mentioned in the previous section of this review, it was reported to be a region of abnormally high glucose metabolism during error processing [104] . Increased activation in the ACC of MA abusers during the Stroop effect may be related to the behavioural results which reflect compromised conflict monitoring in MA abusers [167] . Moreover, greater activity within the medial frontal cortex may be related to monitoring task performance outcomes, including detection of performance errors, response conflict and unfavourable outcomes [168, 169] .
The second analysis, examining group differences whilst controlling for reaction times, yielded significant group differences on the incongruent condition contrast only [154] . Relative to controls, MA abusers did not exhibit higher activation in any brain region during either condition [154] . However, they exhibited lower activation in the right cortex, for example in the inferior frontal gyrus, SMA/ACC, and anterior insular cortex [154] . The inferior frontal gyrus plays a central role in response inhibition [170, 171] as well as interference suppression [171] , therefore reduced activity of the inferior frontal gyrus may be explained by the behavioural results of poor cognitive control in MA abusers reported in this study [154] . Hypoactivation of the SMA of MA abusers during the incongruent condition was thought to be related to impaired planning of motor actions [172] , as well as response to conflict [173] and action-based decision-making [174] . Whereas hypoactivation of the ACC may be linked to task performance during conditions of high conflict [175, 176] , such as the incongruent condition of the Stroop task, where there is increased likelihood of making errors [177] . The insula has been implicated in error-related processes [178, 179] , and plays a central role in reward-related decision-making processes by integrating bodily (interoceptive) states into conscious feelings such as urges to take drugs [180] . The reduction in insular activation of MA abusers reported in this study [154] may be related to response inhibition-related errors [178] . Although this study was limited by a small sample size, the blocked paradigm design in conjunction with fMRI results in greater power of signal detection in comparison with event-related designs, potentially allowing for a smaller sample size [181] . Nonetheless, the use of a blocked paradigm precluded analyses of "conflict adaptation effects" [182] and trial-to-trial adjustment to previous exposure of conflict as reported by Salo and colleagues [153, 163] . Finally, given the short duration of abstinence from MA (4-7 days), withdrawal effects may have impacted the results of this study. However, the authors have previously shown a lack of association between abstinence duration and cognitive performance during the first week of abstinence from MA [183] .
In summary, fMRI has been a useful tool for the study of neural activation of MA abusers during cognitive tasks. Using fMRI, MA abusers have been shown to exhibit cortical hypoactivation corresponding with deficits in decision-making, being more likely to employ a stimulus-driven rather than outcome-driven strategy [7, 148] . Moreover, fMRI has been shown to be a potentially useful tool in predicting relapse in MA dependence [149] . Processing of delayed rewards has been associated with deficits in fronto-parietal circuitry and subcortical structures including the caudate and amygdala amongst MA abusers [150, 151] . Lastly, the literature on cognitive control in MA abusers studied with fMRI within this review suggests deficits in cognitive control and corresponding dysfunctions in activation of frontal brain regions integral to cognitive control during response inhibition and conflict adaptation as measured by the go/nogo and colour-word Stroop tasks [152] [153] [154] .
Structural Brain Abnormalities in MA Abusers Using Structural MRI
There have been few studies investigating structural changes in the brains of MA-dependent individuals with variable abstinence periods. Although all structural MRI studies which measured total brain volumes reported no differences between MA-dependent individuals compared with controls [184] [185] [186] [187] , regional structural differences in both grey matter (GM) and white matter (WM) have been found in most of these studies in MA abusers, most of whom had been voluntarily abstinent or detoxified for the purposes of these studies. In this section of the review, GM structural changes will be discussed, followed by structural changes in the WM of MA abusers in comparison with healthy controls. Study specifications and main findings are summarised in Table 3 . 
Structural MRI Studies of GM Changes in MA Abusers
Structural MRI Studies of Cortical GM Changes in MA Abusers
Most studies reporting GM changes in MA abusers found a reduction in cortical GM [186, 187, 191, 193] , with the exception of one which reported an increase in parietal GM of abstinent MA abusers [189] . Higher parietal GM volume was associated with higher levels of neurocognitive impairment, possibly reflecting a neuroadapative compensatory response to MA-induced toxicity [189] . The increase in parietal lobe volume may have been a consequence of MA-related microgliosis, astrocytosis and glutamatergic excitotoxicity which have been observed in parietal regions in animal studies [88, 194] . The authors discussed the possibility that neurodegenerative changes may have been present in their sample of MA abusers, but were obscured by mechanisms which lead to the observed volume increase in the parietal lobes [189] .
To date, the only published study examining structural GM changes in active (non-abstinent) MA abusers was that of Thompson and colleagues', who compared the brains of actively-using chronic MA abusers with age-matched controls [186] . Thompson and colleagues used GM mapping, a high resolution surface-based computational image analysis of structural MRI technique to investigate structural GM changes in the brains of MA abusers who used MA on most of the 30 days prior to entering the study [186] . They found no group differences in total cerebral volumes or total GM [186] . However, they noted severe GM deficits in the right hemisphere of chronic MA abusers (11.3% below control levels), mainly in the cingulate, limbic and paralimbic cortices, as well as hippocampal volumes (7.8% below control levels) [186] . Interestingly, GM deficits in the right ACC and PCC overlapped regions of abnormal glucose metabolism during a vigilance task in a previously published study which recruited some of the same subjects [103] . This study did not examine striatal volumes and hence inference in these areas was limited. Additionally, smoking may have confounded the results as it was more prevalent among the MA-dependent group than the control group [186] . Smoking has been shown to be associated with lower GM density (GMD) in the PFC, dorsal ACC and the right cerebellum [195] , and its effects were not entirely separated from those of MA in the statistical analysis [186] .
Another study which found GM deficits in the MA abusers was that of Schwartz and colleagues who found reduced GMD in the bilateral insula and left middle frontal gyrus of abstinent MA abusers in comparison with healthy controls [187] . Thinning of the insular cortex was thought to underlie conscious drug seeking and the behavioural biases associated with drug addiction [180, 187] , whereas GM reduction in the middle frontal gyrus was thought to be associated with cognitive control deficits in MA abusers [187] . This study also reported increased impulsivity amongst the MA group, as measured by the delay discounting task, whereby MA abusers were more likely to choose smaller immediate rather than larger delayed rewards [187] . Across both groups, impulsivity was associated with increased GM in the PCC and bilateral putamen extending into the left ventral striatum, and decreased GM in the left superior frontal gyrus near the frontal pole [187] . Nevertheless, causality remained unclear; the authors could not determine whether these results were caused or preceded by differences in impulsivity between addicts and non-addicts [187] . A within-group analysis was carried out in MA abusers only to investigate the relationship between GMD and duration of abstinence [187] .
Most notably, longer abstinence durations were associated with increased GMD in the bilateral amygdala and decreased GMD in the right middle frontal gyrus [187] . Smaller amygdala volumes have been associated with increased craving and predictive of relapse [196] , whilst the middle frontal gyrus is part of the DLPFC, necessary for controlling impulsive behaviours such as relapse into drug use [197, 198] .
Kim and colleagues investigated the effect of duration of abstinence from MA on GM volumes using voxel-based morphometry (VBM), as well as frontal executive function using the WCST and other cognitive tests [191] . They compared MA abusers who were short-term abstinent (mean abstinence 2.6 ± 1.6 months) with those who were long-term abstinent (mean abstinence 30.6 ± 39.2 months) and a group of healthy controls [191] . There were significant group differences both in GMD in the right middle frontal gyrus (MA < controls by 10.3%) and total errors on the WCST between the three groups, the latter reflecting impairment in frontal executive function [191] . Although long-term abstinent abusers were impaired in comparison with control subjects, they had significantly less GMD decrease and less total errors on the WCST compared to short-term abstinent abusers [191] . The authors suggested that both effects partially recover after abstinence from MA for six months or longer [191] in a similar fashion to the recovery, after 12-17 months of abstinence, of striatal DAT levels [99] and thalamic glucose metabolism [102] . Due to the cross-sectional design of this study, the authors were unable to decipher whether decreases in frontal GMD were caused by MA use, and whether short-term abstinence was associated with the lowest GMD or if decreased frontal GMD preceded becoming MA-dependent, and increased likelihood of relapse [191] . In saying that, the researchers ensured no significant differences existed in the MA use variables, thus supporting the explanation of GM recovery with long-term abstinence over differences in the preceding constitution [191] .
Using ROI-based methods to determine regional differences in volume of cortical GM between abstinent MA abusers and controls as well as their interaction with age, Nakama and colleagues found smaller cortical GM volumes in six main lobes and 17 sub-regions of the cortical GM [193] . MA abusers were found to have smaller frontal, temporal, parietal, limbic, insular and occipital lobes, as well as reduced GM in the DLPFC, OFC, PFC and superior temporal regions [193] . This was the first study to assess the effect of MA dependence on the aging brain, and it reported a pattern of more rapid GM loss in frontal, temporal, occipital and insular lobes amongst MA abusers resembling that of accelerated aging [193] . It is possible that this age-related GM loss in MA abusers may lead to a reduction in brain reserve capacity which in turn may increase their vulnerability to deficits in cognitive function [199] . This study was cross-sectional and therefore could not provide direct links between age and brain volume reductions in MA abusers [193] . Moreover, it did not evaluate the effect of MA use on subcortical volumes, and the moderate sample size did not allow for sub-group analyses of abstinence and gender effects [193] .
Most structural studies investigating the cerebral cortex in MA abusers reported GM deficits in frontal cortical areas [186, 187, 191, 193] . Findings of deficits in frontal GM are in line with non-volumetric neuroimaging studies mentioned earlier in this review. For example, an fMRI study by Paulus and colleagues reported lower activation in the DLPFC of MA abusers during a decision-making task in comparison with non-drug abusers [7] . Using PET, MA abusers were reported to have lower DAT levels [101] as well as altered glucose metabolism [103] in frontal brain regions. Moreover, abstinent MA abusers were found to have a metabolite abnormality in frontal brain regions, as measured by magnetic resonance spectroscopy, revealing decreased levels of the N-acetylaspartate metabolite, a marker of neuronal viability [126] .
Structural MRI Studies of Subcortical GM Changes in MA Abusers
Striatal volumes have also been studied in MA abusers, using a combination of interactive semi-automatic tissue segmentation and ROI analysis methods [184, 189] . Abstinent MA abusers were found to have larger bilateral volumes of the caudate, nucleus accumbens [189] , putamen and globus pallidus [184, 189] in comparison with healthy controls [184, 189] . Chang and colleagues [184] also assessed gender differences in brain volumes and observed larger whole brain and regional volumes in men compared with women in the cerebellum, thalami and caudate nuclei; however, there were no significant gender effects in the putamen or globus pallidus. GM volume increases in the striatum of MA abusers were thought to result from inflammatory processes and reactive gliosis [87, 88, 129] . In MA abusers, larger putamen volumes were associated with lower lifetime cumulative MA use and improved performance on verbal fluency and speeded motor tasks [184] . Hence, it was thought that enlargement of the striatum may reflect a compensatory response to chronic MA-induced injury during earlier phases of drug dependence, an adaptation in order to maintain cognitive function [184, 189] . However, this adaptation may fail to maintain both function and structural integrity of the striatum following prolonged use [184] .
Structural MRI Studies of WM Changes in MA Abusers
WM differences in MA abusers were reported in several studies, including WM hypertrophy (7% above control levels) in temporal and occipital regions which were adjacent to some of the same regions of cortical and hippocampal GM loss in the same sample [186] . Therefore, WM loss may be partly explained by the GM loss in surrounding areas [186] . However, additional processes were thought to be involved including MA-induced gliosis leading to adaptive glial changes, altered myelination and developmental differences [186, 200] . Female MA abusers have been shown to have 9.7% larger volumes of the midposterior corpus callosum in comparison with age-and gender-matched controls [184] . It was thought that this increase in WM volume in MA-using females may be related to the previously reported increase in glucose metabolism and perfusion in the parietal lobes of abstinent MA abusers [95, 108, 201] , especially since the parietal fibers cross in the midposterior portion of the corpus callosum and this effect was found to be more prominent in the female abusers [201] . In addition to volume changes, abstinent MA-dependent males were found to have a higher prevalence and greater severity of WM hyperintensities, primarily in the frontal lobes, in comparison with female MA abusers and healthy controls [190] . WM hyperintensities in MA abusers are thought to be related to MA-induced deficits in cerebral perfusion [190] . Females are thought to be less affected by these structural abnormalities due to oestrogen's protective effects against ischaemic damage [202, 203] , including those associated with MA [133, 204] . Chung and colleagues reported decreased frontal WM integrity (as measured by fractional anisotropy using diffusion tensor imaging) in MA abusers who were abstinent for a month or longer [192] . However, this abnormality was only significant in male abusers, once again suggesting a protective factor in female abusers [192] . Despite reporting no group differences in WM volume between MA abusers and controls, corpus callosum shape differences were reported in a sample of MA abusers consisting mainly of males (89%) [188] . In comparison with controls, MA abusers showed increased curvature of the genu and decreased width of the posterior midbody and isthmus of the corpus callosum [188] . The WM abnormalities located in the frontal and parietal cortices of MA abusers may underlie functional abnormalities observed in these areas [188] .
In summary, structural MRI studies in MA dependence have reported a variety of structural deficits. GM deficits were found in the frontal, insular, cingulate, temporal and occipital cortices [186, 187, 191, 193] and GM gains were found in the parietal lobe [189] and striatum [184, 189] . MA abusers were reported to have WM hypertrophy in temporal and occipital regions [186] , increased prevalence and greater severity of WM hyperintensities [190] , abnormalities in corpus callosum shape [188] , and female abusers had larger volumes of the midposterior corpus callosum [184] . Despite this finding, male MA abusers were found to have more WM deficits than female abusers, with higher prevalence and severity of WM hyperintensities [190] and decreased WM integrity [192] in the frontal lobes. Female abusers were thought to have protective effects against structural abnormalities possibly owing to their higher oestrogen levels [133, 204] . The variability of structural differences reported by different studies may be due to differences in sample size, data analysis methods, MA use variables and active use versus abstinence, including duration of abstinence.
Conclusions
In summary, MA is a powerful psychostimulant whose abuse has escalated globally over recent years and its abuse is known to cause disruptions in monoaminergic transmission, particularly degeneration of DA and 5-HT terminals, and cell death in rodent models of MA neurotoxicity. The brains of MA-dependent individuals have been studied using advanced neuroimaging techniques. This article reviewed evidence from PET, fMRI and structural MRI studies in MA addiction.
PET studies in MA dependence reported deficits in presynaptic and postsynaptic dopaminergic and serotonergic neurotransmission, whereby reductions in the levels of DA, DAT, VMAT-2, D2 receptors and 5-HTT were observed, mainly in the striatum of MA abusers. In contrast, D3 receptor levels are thought to be increased in MA dependence. Moreover, using PET, glucose metabolism was found to be lower in the striatum, thalamus, insula and ACC but higher in the parietal cortex and ventral striatum of MA abusers. Deficits in thalamic glucose metabolism were thought to be reversible, whilst those in the striatum were thought to persist for prolonged periods following abstinence.
Behavioural deficits have been observed in MA abusers during tasks of decision-making, reward processing and cognitive control with corresponding dysfunctions in cortical and subcortical activations as measured by fMRI.
Structural GM deficits were found in cortical areas of MA abusers, whilst GM volume gains were observed in striatal structures, possibly reflecting a compensatory response to maintain cognitive function. Abnormalities in WM structure in MA abusers included WM hypertrophy, higher prevalence and greater severity of WM hyperintensities and abnormalities in corpus callosum shape.
Individually, these studies highlighted common brain regions that are affected by MA, with the most common being frontal cortical and striatal structures, however many discrepancies were noted. There is a shortage of longitudinal studies of MA addiction which follow at-risk individuals into drug use or those which follow active users to abstinence, and there is a need for more research which combines multiple neuroimaging techniques in order to further understand the connections between observed changes.
